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TECHNICAL NOTE NO. 1301

A METHCD FOR CALCULATING THE HEAT REQUIRED FOR THE
PREVENTION OF FOG FORMATIONS ON THE INSIDE
SURFACES (F SINGLE-PAVEL BULLET-RESISTING
WINDSHIELDS DURING DIVING FLIGHT

By James Selne and John E. Zerbe

SUMMARY

An investigation was. conducted to provide & means for calcu—
lating the heat required for the prevention of fog formations on
the inside surfaces of single—msnel bullet—resisting windshields
during diving flight., An anolysis was mads to provide relation—
ships for the heat required considering the transient heating of
the windshield during diving flight. From the resulis of this
enelysis, it leg evident that Pfor dives where the rate of dzscent
is high, over 5000 feet per minuté, the temperature of the inside
surfaces of a single-nanel bullet-rosisting windashield remeins
approximately constant uwnless there is an appreciable change of
heat input to the windshield during the dive. Thus, in designing
fog~prevention systems Tor bullet-resisting windshields, the design
may be carrled out for steady-gstato conditions at tho altitude from
which diving flight is initiated unlese there is an appreciable
decrease of heat input through the windshield with decreasing
altitude, In this eveni consideration of the transient heat flow

during diving flight may be nevsssary in order to provide fog -

protection. Conelderation of the transient heat flow during

diving flight may also be desirable in order to conservs heat

energy when the heat input %o the windshield increases apprcciably
with decreasing altltuds, 7

Consideration 1s given to the use of plane heated-air Jets
directed tangeniially to the inside surface of the windshield to
provide She required heat, A welationship is developsd to define
the optinum depth of the Jjet nozzle Tor any given set of conditions,
It 1s alsc shown that it is desirable to maintain the cockpit air
temperature and the Jot-nozzle exit air tempsrature as high as
practical. The application of heated—air Jets to the fogging problem
is discussed for both gteady—atate and transient solutione of the
heat required, end a sample solution is presented for each case.
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Consideration is also given to the use of electrical energy
to heat the inside surface of a windshield. It i1s showm, consider—
ing only free convectlon and radiation of heat from the windshield
to the cockpit, that electricsl heating systems may be designed
uslng steadyhetate heat~transfer considerations.

INTRODUCTION

During diving flight of military ailrcraft equipped with
bullet~resisting windshields, the inslde surfaces of the windshields
frequently accumulate fog which obscures the pllot's vision and
renders the striking power of the aircraft ineffective. The fog
may be removed by mechanical means; however, these means in them-
gelves tend to impair the pilet'’s vision. The fog may be prevented
fran forming by maintaining the windshield inside-surface temper—
ature above the dew point of the adjacent cockplt ailr. This. can be
accomplished by either providing for a flow of dehydrated air over
the inside of the windshield or by heatling the insidv surface of
the windshilseld., Dehydration of the air could be accomplished by
chemical means or by use of a refrigerstion cycle.  Chemicals are
undesirable because congtant replacement of the chemlcals 1s
necessary and refrigerstion 1s not practical at present, in that
present—day aircraft are not equlipped with refrigeration equipment.
Heatling of the windshield could be accomplished simply as most
alrcraft are equlpped with heated-air systems or with electrical
energy which can readily be converted into heat.

Since there were no design data svailable which considered the
basic variable involved in providing fog protection by heating the
inside surfaces of the windshields, the present investigation was
undertaken.

The purpose of the present investigatlion was to provide a
means for evaluating the heet input to the inside surface of a
single~panel bullet—resisting windshield which 1s rsquired to
maintain the temperature of the ingide surface of the windshield
above the dew point of the adjacent cockpit air throughout diving
flight.

Equations are derived for the calculatlon of the heat requlred
throughout diving flight in which the transient heating of the wind—
shield is considered. The results of this analysis avre compared with
a simple steady-state solution which provides for heating the inside
surface of the windshield to the highest temperature required during
flight at the steady-state conditions existing prior to the dlve and
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neglects calculanion of transient heat flow in the windshleld, After
establishing relationships for the heat requlred, consideration is

glven to the application of plane heated-air Jets (heroinafter

designated as surface Jjets) to provide the required heat using the i
relationships given in reference 1 and also bto the application of o
electrical energy to provide the required heat.

SYMBOLS

The following symbols are employed throughout this report:

a thermal diffusivity of windshleld material, square feet

per hour
' AT 28Jc

cx percent of full kinetic heating (ck = —'15;2—2

Cp specific heat of alr at constant pressurs, Btu per
pound, OF

c speoific heat of windshield meterial, Btu per pound, OF

d surface—Jjoet-nozzle deptvh, feet T

da referenée surface-jet-nozzle depth of 1/12 foot, feet

e distance from surface—Jjet origin to nozzle exit ‘(ﬁE%%#)’
Teet '

g acceleration dve to gravity, feet per second, second

he coefficient of free convention and radiation of heat at

the electrically heated surface of a windshisld, Btu
per hour, square foot, Op N

ho coefficient of heat transfer at exbternal surface of
windshield, Btu per hour, square foot, F

hy " coefficient of heat transfer at internal surface of
windshield, Btu per hour, square foot, °OF

hs coefficient of heat‘transfer at internal surface of ) o
windshield employing heated-air—surface Jet, Btu
per hour, sguere foot,
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pressurs altitude, feet
mechanical equivalent of heat, 778 fooi-pounds per Btu

thermal conductivity of windshield material, Biu per
hour, square foot, °F per foot:

thermal conductlivity of air, Btu per hour, square foot,
°F per foot

functliong of altitude such that

(Ti)ném, (

k) ap Ga () ¥t ()

2'nAnb 3 nAtb

length of windshleld, feet

digtance from surface-jot~nozzle exit to point under
consideration (L = x-e), feet

width of surface-Jet nozzle, feet

heat flow through the inside surface of windshield at
gteady-state conditions prior to dive flighi, Btu per
hour, squere foot

heat generated at the inside surface of a windshield by the
converslon of electriral energy to heat energy, Btu per
hour, squars foot

change in hegt flow through the inside surface of wind— _ _

~shield at dny time after dive flight is started, Btu
* per hour, square foot

- heat transferred from the electrically heated inglde surface

of & windshield into the cockplt, Btu per hour, square
foot

time after start of dive flight, hours
temperature et any point in windshield, F
temperaturs of cockpit air, ©F

temperature of inside surface of windshield, ©F
static ambient-air temperature, °F
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kinetic ambient-air temperature, OF

ambient-air—tamporatgre change due to kinetic heating
CATL Tk _Ta):

dew—point temperature of cockpit sir, °F

difference betwaen temporature of inside surface of
windghield and dew-point tempereture of the cockpit
air (AT = Ty — Tp. >, ),

temperature of air a% surfoce—jet-nozzle oxit, °F

maximum Jet temperature at any distance x from
Jot origin, ©F

tempsraturse of heat—%rénsfor nodivm flowlng over inside

surfaco of windshield, CF

temperature of air at surfaqg—uet—nozzlu exit above
cockplt air temperature, 3

maximum temperature of surface Jet at any distance x
from nozzle exit abova cockpit air temperature, °F

over-all cocfficient of heat transfor, inside surface
of windshield to ambient air, Btu per hour, squarc.
foot, ©OF

air velocity at surface—jei-nozzle oxit, feot per second

-velocity of elirplane, feet per second

heated air-flow rate out surface—jot-nozzle exit, pounds
per sccond . .

distance from Jet origin to point under consideration
(x =L + @), Pect

thickness- of windshisld, feot

angle of expension of surface Jeb, degroes
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¥ lineer rate of change of g, + qy With altitude, Btu
per hour, square foot per foot

Y specific welght of air, pounds per cubic foot

o denslty of air, slugs per cublc foot

Yy gspecific welght of windshield materiasl, pounds per cubic
foot - _

v dynamic viscosity of air, pound-seconds per sguare foot

o 32,2 uml-’%-(%%-l%% s

Subecripts

n units of time

m units of windshleld th;ckness

ANATYSIS OF HEAT REQUIRED

" In order to prevent the formation of fog on the inside surface
of a single—panel bullet—resisting windshield during diving flight,
1t is necessary to malintain the temperature of this surface Ty
above the dew point of the adjaecent cockpit alr Tp,p, . A method
of calculating the heat required to provide the desired temperatures
of the inside surface of the windshield must be established before
consideration can be given to a means of supplying the requilred heat,

The astate of temperature of & windshileld at steady-state condi-
tions prior to dive flight may be expreseed as —

Qg = Uy (Ty ~ Ty — ATy) = k, (47/4y) )

whexre . . - _.

T @)

(2)
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and

: = P—l:.—-ai-‘f- = — -
Al Badop Tk ~ T (3)

The equation for the extermal coef*icient of heat transfer employed
herein is

: h 2/3 1/5 | B
ho Z (3600) (0.036) op ¥ Va ( OOugc > (Lwi';gy) . (&)
. p B - R

This 1is ‘the equation for the. coefficient of heat transfer from an

alr stream to & flat surface given in reference 2 and, although it may
‘ not be striétly valid in the present application, it is considered
sufficiently accurate as will b2 shown later.

As soon as the airplane. on which a bullet-resisting windshleld
is installed enters diving flight, equation.(l) is no longer valid;
the flow of heat becomes transient, The ambient-ailr temperature Ty
and density p as well as the coefficient of heat transfer hy all
vary with altitude. Due to the number of varilables involved, 1t is
impractical to treat the transient heat flow during diving flight by
means of differential’ equations and resort is made to the mpproximate
method.of E. Schmidt- given in reference 3 for eveluating transient
heat—flow conditions. In this method, the differential equations of
transisnt heat Flow are modified to pormit a step-by-step solution )
in terms of finlte quantitles.. The- eguptions of reference 3.in the_
nomenclature of this report are listed below ' N .

TmAy nAt 21 [ (i) Ay (i)t * T(m+1)Ay, (n-l)At:] (5)

(Ti) (hi)m-b AV ('T'm)nAt + kWTAy,nAt ' e it
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- (80) pae, AV (T) xe + KTy ot
T(m-;-l)Ay,nAt - - ky + (ho)m-t Ay _ . 0

The units of time At and of windshield thickness Ay are related
by the expression

At = &2 _ - (8)
: 2a . . .

The sketch of a windshield in figure 1 illustrates some of the _
quantities in the above equations, - - -

The general method of solution of transient-héait—transfer
problems using these equations is illustrated in reference 3. The _
calculations by the above method are long and tedious and must be
made for particular values of all the variables. In order to
facilitate the computations and also render them independent of
the means by which the heat 1s transferred to the inside surface
of the windshield, it is convenient to express equation (6) in
terms of the heat flow through the inside surface of the windshield
as : : = - .

(g + a@) n . - : |
(T1)o,nat = - LY+ Tag,nat )
W

vhere g, is the heat input to the windshield at steadyastate
conditions prior to diving flight and (g + QH)nAx is the

insgtantanecus heat input after ném hours of diving flight,

Por the purpose of calculations, it is necessary to postulate
how qg + gg Wwill vary with altitude., .Any variatlion may be chosen;

however, herein it will be presumed that Qg + 9g may be expressed
a8 & linear function of altitude such that

aleg vag) o am
——g— = ¥ = vy (10)
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vhere AH is the altitude traversed in the time At.

When equetion (9) is employed in the step-by-step solutlon
in place of equation (€), the tempsrature of the inside surface of
the windshield results in terms of the heat input and may be
expressed as :

’

;(Tij;,nﬁﬂ (k )nat Qg + (kz)nAt ¥+ (k ) (11)

-

Fd ) o R

where ki, kp, and kg are functions of altitude and are dependent
-on thé windshield material and thickness, the rate of descent, the
airspeed and the altitude from which the diving flight is conducted. )

Lo Once the values of ki, k», and kg, have beén established as
‘functivng of altitude fortany particuler installation and the dew

© paint Tp,p, . of the air adjacent to the windshield at the critical

- altitude of fogging is known, & value of T4 at that altitude must
be chosen, such that T4 is not less than Tp p, or

"My = T, = (Ty - Tp.p,) + AT ; (1)

vhere AT 1is- the temperature difference between the inside surface
temperature .of the Windshield and the dew point ‘of the alr adjacent
- - to.the windshield at the critical 81titude of windshisld fogging.

‘After establishing - Ti' ‘&% thé critical eltitnde of fogging, a

“ivalwe of ¥ tin equation (10) must be assumed and s, 8t that

altitude’ svaluated from equation.(ll) Ihen g + qH ‘as a function

of alfitude is’'evident from equation (10) &nd Ti as & function of
altitude may be evaluated from sguation (11). .Many solutions are
availeble depending on the value of V¥ assumed, The value of V¥
should be assumed such that the resultant wvaluss of qg + gy

may be correlated with the heat given up to the windshield by the
heat—transfer medium employed. In the case of a heated-alr, surface-
Jet, fog—prevention system the.relationship :

( + o) 5 = [B3(T5 = Tl o

must be satisfied,
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'RBSULTS AND DISCUSSION
' . Heat Regiiired

Using the relationships developed in the analysis, “curves have
been established of ky, k5, and ks (equation (1l)) as functions
of eltitude for a lg'ninchuthick 2-{oot 1lang, bullet-resieting,
windshield with the following physical characteristics: average
specific: welght 7. ef 168 pounds per cuble foot, average specific

heat ¢ of 0,18 Btu per pound, ?F and average conductance k/y of
- 3,91 Btu per hour, square foot, OF, The curves were established fer
various constant rates of descent at copstant true airspeeds of 200
and 400 miles per hour from pressure altitudes of 20,000 and 30,000
feot using the NACA stenderd air temperatures as_.Tp in equation (1)

yand Ay = % ¥- in equation (8) far all calculations,. The results of
these calculations arse presented as figures 2 to 7 end & sample

" calculation is 1llustrated in table ¥, Although these curves were
developed using standard ajir temperatures for Ty, they may be
applisd equally well to other atmospheres wherein the temperaturs
lapse rete lg the same as standard because the values of h,
(equation (4)) employed.in the solutien vary only slightly with
temperature, Thus the heat flaw qa + dg may be calculated using

standerd air temperstiures and this heat flow will induce the same
temperature difference between .the windshield inside-surface
temperature and the ambient-air temperature, or the same value of

(Ty .~ Tp.p ) + AT .in equation (12) in any stmosphere in which a

stondard temperature lapse rete prevails. The surfidce temperatures
resulting frem this applicatioen of the curves will not be correct,
It follows frém the abowe, hcwever, that they may be corrected by
the relatienship . .

TerT) T, ~T | 1
('i k)aqtua ( i k)standard air temparature for Tk o ( )

4

A study of flgures 2 te T 1llustrates that the speed of the alrplane
1s not ono of the most important factors in the solutien when the
temperaturs Tl 1a consldered with respect to T, . Solution of a
problem by use of the curves devoleped for 200 or. 400 miles per hour
wlth other conditions the seme wlll yleld approximntely the same
velue of Ty in equation (9), Thus it is evident that equation (k)
is sufficiently accurate for evelunating h,,
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It can be shown fron the curves and equation (11) that for
cages where the rate. of descent 1s high, over 5000 feot per minute,
little chenge ie exporisriced in the valuss of Ty during diving
flight unlese the value of ¢ in equation (11) is largs. For
instance, 1f the heat input were veried from ¢, = 300 Btu per hour,

8quars foot, to q5 + qy = 200 Btu per hour, squore foot, during
Giving flight from 30,000 ta 1,002 feet presssurs asltltude, respec—
tively, at a true airepeed of kOO miles per hour and a rate of
descent of 5000 feet per minute, the temperature of. the inside
surface of the windshield T4 wovld decrease by only about 7° F,

In many installationz, it is probable that the hsat flowv through

the windshield would increase with decrscsing altitude, rather then
decrease, thus increasing ths values of Ty by a small amount during
diving flight This indlcates that for many cases the desigrd may be
carried out using stendy-sitcte heat—~iransfer considerations of the
heat flow through the insgide surface of ths windshield ot the level
flight conditions from which the dive is initisted, - The above

conclusion is based on censtont sirspeed befors and during the dlve,

which is not alwayas the cass. Tho cenclusion is generally velid,
however, since it has beon shown hersin that airspeed has -very little
effect on the values of T3 attained during diving flight, _ﬁh§_ )

solvtion can thus be greatly simplifiod, nocessitating the use of
‘equations (1), (2), (3), and (&) only, Thorefore, in reality resort
-need be made to ths traunsient solution given in ths anelysis only
when ¢ 1n equetion (10) is negative, Resort should, hmwever, be
made to the transisnt solution in order to conserve heau energy whon
the rdte of descent 1s low (less than 5000 ifeox per minute) or when
¥ has a large positive valus. -
Resort to the tranaiant hsat—flow solution is nat necessary to
establish whether or not the steady-stato smlution i3 applicable 1n
any perticular cass. It follows from the previous dlscussion that
this may be sccomplished by assuming Ti constant threughout diving
flight and calculating the heat flcw to the inside surfoce of the
windshield, The velues of qa Ay thus evaluntod may not o 7

ccocurate, However, 1 they indicate thut qm equals zern (v-n),
then qy is approximntely zero, If they.indicate that q, + qy

is larger than 9, ( ¥is positive), the actual g, * qg values

as determined by the transient solution will be larger than ¢, but
not as large as the ¢g + g velues indicated by the above cemputo—
tians in that the inside surfaco temperature of the windshield will
Increase with decreasing cltlitude, IF these approximote cemputations
indicate that ¢ + gg is grenter or equal to g, througheut the
dive, the stecdy-stote soluiion may be applled.
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The effecta of thicknoss end. of conductivity of .a bullet—
registing windshield on the vaiuwes of 15, k,, and k; arc 1liue—
trated in figure 8. The valuecs of kigg + ks havo beon exprossad
in terms of temporaturc in this plot and the temporature for each
curve at the altitude from which tho diving flight is conducted has
been made cquivelent by using appropriate values of g5, Without
congldering the Lkp +valuos, the curves of kjqg + kg a8 functions
of eltitude indicate the effects of windshield conductivity and
thickness wheon the hoat input is maintained constant throughout
diving flight. Those curves show that increasing tho thickness
from.l%*to.? inchos decreases tho temporature change during diving
£light, and decreasing the conductivity of the windshiold material
has g similar offeot. The kp curves illugtrate the_ effocts of
linearly changing the heat input with 2ltitude for a zghange in
windghield thickness and conductivity. This offect is Just-the
opposite of that described for thé kigg + ka curves. Also included
on this figure are curves to show tho offeti on the solution of the
number of layors into whilch the windshield ies divided. Obviously
the more layers chosen the morc eaccurato the solution, Using eight
layors, as was thoe case for all other computations of this roport,
the changes in tha tonperaturc of the windshield from step~to-step In
tho solubtion worc uniform, and this ls considerad the criterion for
appropriato use of the step-by-ster calculation mothod cmployed.

. The application of surfaco Jets and electrical cnorgy to provide
the hoat required 1s considered in the following discussion.

Application of Surface Jots

The proportiecs of heatod—surface Jets arc glven in roforonce 1
and are listed below:: (See surfaco-jot configuration, fig. 9.)

%o _(eba)~%

- . . QJ N ox / (15)
haix 4 )
= . VoXp(d-\% .65 16)
4 - 0.16 | Toxe (&)
F =0 6‘_ 2 (
o = d/ten o . ' (17)
x=L + e (18)
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From these relationships, the heat transferred from a surface Jot
to the inslide surface of a single—panel bullet-resisting windshield
at eny distance x from the Jet origin may be expressed as

4 + o = Olika,[VoxD< ) :'0'65 (Tc'*‘ej—Ti) (19)

or using the relatlonehlps ' . -

V, = W/diy

- 1 1l.54
] g e
= 32,2 pid d(‘h )
2L\ 518y, /) -

thls expression may be wrltten as

1l.54
o]

= dO.SxO-S‘L. ) _ : (20) '

Equation (20) suggests thet,for a given value of &, Tos Tys © 5

and distance L, L.=x—-o ), there is an optinmm nozzle depth
which will yield. a mimmum vaelue of W. Eveluating dW/dd, W is a

minimum when
1.5k L tar a, ' :
< —Ti > 2,08 (21)

The optimum Jet 'bemperature for a particular installation is
(equation (20)) the highest practical temperature which can be employed.

Two other important conclusions which can be drawn from the above rela~

tionships are: (1) equations (15) and (16) indicate that hy and 6j
decrease with increasing x, thus the design need be carried ocut only
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for the point farthest distant from the jot nozzle exit at which fog
prevention is desired and (2) the cabin temperature T,. (oqua— -
tion (19)) should be maintained as high as practical in order to
minimize the temperaturo drop of the Jet with distance x.

In the following, the correlations of those relationships with
those glven for the heat roquired for fog prevention are discussed.

Steady-state solution.— The application of this solution requires
prior establishment of the variation of heat flow through the inside

surface of the windshleld with altitude. This variation can be
approximated for the case of a surface Jjot by presuming T4 constant
end evaluating gqg + qy from equation (19) for various altitudes of
the dive. ' If these veluos arc approximately equal to or larger than
da, The steady-state solutlon may be applied.

The steady-state soluticen is relatively simple. -After the heat . .
required gqg 1s sstablisbed (gg = O in efuation (19) for steady—
state conaiderations) from equat on (1) and tho highest windshield
inside-surface tempercturs For diving Flight is known, a sclution
of equation (20) will provids the surface—~jot-norzle depth requircd
for assumed values of W and T, + €4 —~ T3. In order that this
value of 4 will be an optimum, equa 1on_%21) mist be satisfiod.
The value of T, wused must bo equivalent with that resulting from
cockpit heating considerations.

In order to simplify the procedure, a design chart which
includes plots of equations (20) and (21) is given in figure 10. The
nae of this chart 1s illustrated in the solution of & gample problem

in Appendix A. .

Transient golution.— Once the values of ki, ko, kg,
g + gg ond Ty as functions of szltitude havo boen established for
a bullct-resisting windshield as set down in the englysls, tho valuos
of g, + gy must be correlatod with tho heat delivered to the inside
surfane of The windshleld by a heated surface Jot by moans of oque~
tion (13), together with cquations (15), (16) and (17). These eque—
tions mey be omployed indeperdeontly or groupsd into tho expression -

St = 036 ka< :Tc"'eo <E§—e'>%‘ﬂi] ‘

(22)

0 .85 Q0.6885 04825 ~0.35

: ) Vo 4 X
2

Bdy {
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Thus it is necessary to declde upon valwes of V,, 4, T,

such that equations.(13) or (22) are satisfied throughout diving
flight. The valus of T, must be commensurate with that resulting

from cabin-heating consgiderations. The solution of a sample préblem
by the preceding method, the sanme problem solved for steadyhstate
conditions in Appendix A is provided in Appendix B,

Application of Electrical Heating

Recent developments have shown that transparent conductors
of electricity can be applied to the surfaces of windshields,
Thus some conglderation of electrical heating by the conversion of
clectrical energy to heat energy at the inside surface of the wind-—
shield 18 merited in this report.

The heat balancs at the inside surface of the windshield may be
expressed. ag

G * g = 9g Y (23)
where

q; = b (T,~T.) (24)
The quantlity h, may be expressed as

5

he = 0.27 (13-T;)° " | (25)

if the windshield inside surface is vertical (reference 4). The
coefficient 0,27 decreases to 0.20 as the attitude of the surface
is changed fram vertical to horizontal, with the surface under
consideration facing downward., Since most windshields are placed
at an angle cf less than 90° to the horizontel, the usé of 0.27
appears conservative. Using equation (25), equation (23) may be
eXpreased ag

gq + ag = ag — 0.27 (Ti—tﬂc)l‘25  (26)

and 6,
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whoero

0.27 (1) == - = (27

The quantity ag will remain constant for any particular
installation unless provisions arc mads to vary the electrical
voltage supplied to the electrical heating system. If qp 1is
prosumed constant, gg + qg 1s dependent only on g4. If, during
diving filght, 1t 1s presumed that T4 maintains constant and that
T, maintaeines constant or increases, thon gq; would decrease or
romain constant., Thue 1t is evlident that the design of fog—prevention
systems employing the conversion of eloctrical energy to heat energy
at the inside surface of tho windghield may bo carried out using the
steady-state solution previcusly described.

Tt should be pointed out that the shove considers only free
convection and radiation of heat from the inside surface of the
windshield. If the cockplt.under consideration is drafty same
forced convectlion may result and it may be of sufficient megnitude
to require conslderation. -

CONCLUSIONS

The following conclusions on the heating of single—panel bullei~
registing windshiolds for fog prevention during diving flight are
evident for the condltions analyzed.

1. During diving flight, when the rate of descent is high, over
5000 fect por minute, the inside—surface temperature ‘of the windshield
will remain approximately constant unless there is a large variation
of heat flow through the insgide surfeace of the windshield with
eltitude. . -

2. In designing fog-prevention systems for cases where the
rate of descent is over 5000 feet per minute, the design may be .
carriod out to provide the highest reguired inside—surface tempor—
ature of the windshield at the steady-etate conditions prior to
diving flight unless& the heat flow through the inside windshield
gurface dccreases appreciably with decroasing altitude.

3. Consideration of the transient hoating of the windshield
during diving flight.1s neceesary to provide fog protection when the
heal flow through the lnside surface of the windshield decreases with
docreasing altitude, and ls desirable in ordor to consorvo heat enorgy
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when the rats of descent is low or the heat input to the windshileld
increases oppreclably with decreasing altitude.

Lk, When employing heated surface Jets for fog prevention it is
advantageous to maintain the cockpit temperature as high as practical
in order to reduce the rate of temperature decrease of the alr Jet
with distance from the Jet exlt,

5. When employing heated surface Jets for fog prevention,it is
desirable to employ the highest practical jet temperatures in order
to reduce the heat energy requirsd.

6. If electrical energy is converted to heat energy at the
inslde surface of & bullet—resisting windshield and only free convec—
tion and radiation induce heat flow into the cockpit, the electrical
heating system may be designed using steady—state heat-transfer
consliderations.

Ames Aeronauticel Laboratory,
National Advisory Commititee for Aeronautics,
Moffett Fileld, Calif., March 1947.



18 ' | - ... NACA TN No. 1301
APFENDIX A

SAMPLE STEADY-STATE SOLUTION ON THE APFLICATION OF A HEATED
SURFACE JET FOR TEE FPREVENTION OF FCG ON THE INSIDE
SURFACE OF A SINGLE—PANEL BULLET-RESISTING
WINDSHIELD DURING DIVING FLIGHT,
The following date are congidered as known:
Windshleld
Size: 12 in. wide by 24 in. long by 1-1/2 in. thick
Conductance: 3.91 Btu per hr, £t2, °F
Average specific weight: 168 1b per ft3
Flight Conditions: : -
Initial altitude: 20,000 ft (pressure)
Initial ambient-elr temperature: -30° F
Amblient—air temperature lapse rate:' Standard air
lapse rate Q.003566° F per ft .
Rete of descent: 5060 ft per minﬁte
Alrspeed, true, before and during diving flight:
400 mph
Design Conditions: =
Altitude: 1000 ft (pressure)
Ambient-alr temperature : 73.5° F
Protection required: Distance of .12 in. from Jet—

nozzle exit o . =

In the steady-state solution, consideration of the transient

I
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heat transfer during diving flight is neglected. It is presumed
that the initlal surface bemperature of the windshield will be
maintained throughout the dive. Thus the inside-surface temper—
ature of the windshield should be heated to 73.5° F prior to.the
dive (in orde tu protect against vapor content up to 100—percent

relative humidity).
Soiution
1. Heat required:
ternal coefficlent of heat transfer h,y from equation
(%) = 30.5 Btu per hour, £t2, °F
Conductance of panel: glven k,/y = 3.91 Btu per hour,
£t2, °F | |
Coefficlent of heat transfer, inside surface of windshield to
amblent air from equation (2), Ui = 3.45 Btu per hour
£+, °F o - -
Heat required: from oquation (1) gy = 267 Btu per hour, ft
l.54 |

W(T, + ej—Ti) : :
2. Evaluate . % _in equation (20) and solve

for 4 from figurs 10
Fram equation (20), assuming W = 0.1 pound per second and

1.54

To + 04 ~T4)
(T + 04~ Ty) = 50° F, i 4 — 4
)
From figure 10, & = 0.033 foot = 0.396 inch.
3. Bstablish T, gj,and T

From figure 10, in order that the solution be an optimum
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for the nozzle depth employed, ~—

= 0,065
TJ ~ Te

Ty (given) = 73.5° F, Ty = Ty + (Tp + 04 ~ Ty) = 123.5° F
Thus

T, = 76.5° F and 8) = Yo w

8, (from equation (15)) = 88° F and T = 6o + Tg = 164.5° F

The valune of - T. used must be commensurate with that result—
Ing from cabin—heating congiderations,

APFERDIX B

‘SAMPLE TRANSIENT SOLUTION ON THE APPLICATION OF SURFACE JETS
-FOR THE PREVENTION OF FOG ON THE INSIDE SURFACE CF A
BULLET-RESISTING WINDSHIELD DURLNG DIVING FLIGHT.

The known data for this solution are taken as the same as those
glven for the steady-state solution in Appendix A.

Solution ' - ' T

1. Heat required:

k., k,, and k, as a function of altitude.— Those data given in

figures 3 and 6 are applicable using standard_air temperatures
as the kinetic air temperatures to calculate the heat required.

2

Teking AT = O, in equation (12), Ty = Ty = Tx — GV

' EgJCp

(T31) 1000 £t = 30° F (for protection up to L00-percent relative
humidity), sssuming a value of c¢p .of 0.9,

2. gg + g a8 a function of altlitude.- It was necessary to assume a
value of ¢ 1n order to calculate g, (equation (11)). Herein
values of ¢ of O, 0.0025, and ~-0,0025 were assumed to
illustrate the effects of ¥ on the solution. Values of
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3.

1.

Qg + Qg &8 functions of altitude were established from
equation (10} and are tabulated in taeble II.

Windshield surface temperature.~ The windshield surface
temperatures were evaluated from equation (1i). Since
gtandard temperatures were employed in the above solution,
the valuos of T; were corrected by equation (lk). The
uncorrected and corrected velues of - Ty .ars tabulated in
table II.

Application of surface jet.— Equations (13) or (22) must be
satisfied. Thus assuming that W = 0.1 pound per second
at 20,000 foet pressure sltitude and varies such thaet V
is constant (vJ 159 ft/sec), d= 0.033 ft = 0,396 in.,
and T, = "O F, 8, was evaluated for each value of
as a function of altitudo from use of equations(13), (15),
(16),and (17), or equation (22). The values of T,
To = 8o + T, for each value of ¥ are tabulated in
teble II. ' :

The value of T, used in the calculatlons must be comensurate
with that resulting from cabin-hesting conslderations. :
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TABLE II.- CALCULATED QUANTITIES OF Qg + dms Ty,

AND

T

REQUIRED FOR FOG PREVENTION IN SANPIE TRANSIENT SOLUTION,
Calculafed Pressure altitude (£t)
quantities ¥ 130,000 | 20,000 |10,000 | 1,000

g *ag |0 268 268 268 268
Btu per hour, | .0025 | 250 275 | 300 | 322.5
gquare foot. ;-.0025 | 291 266 241 218.5

T,, °F 0 29 29 29 30
using standard .0025 23.5 ol g 27.0 30
gir temps. for :

T, -.0025 35 33.7 31.7 30
| 0 73.0| 73,0 | 73.0| 73.5
(T4) corrected | ,0025 £8.8 71,0 71,0 73.5
OF —.0025 7.7 75.7 75,7 735
0 162 141 126 117
Ty, OF .0025 | 145 135 128 125
~.0025 | 180.8 | 1kg 125 109




NACA TN No. 1301

NATIONAL ADVISORY COMMITTEE

FOR AERONAUTICS

{,
(Ti)o,nAt-- 7

Tay,nat-f---

(qg + qp) — | ‘

Inside surfade

T

=

Fig. 1

ho
Tx

Tmay,nat

T (m41) Ay, nat

Outside surface

Figure l.- Divisicn of windshield for transient heat-flow

considerations.
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